The relative importance of contrast and assimilation for determining the perceived brightness was estimated. Assimilation decreased when a test spot had such a binocular disparity that the spot and its background appeared on different depth planes respectively. However, contrast was not affected by the binocular depth cue. These results indicate that the cortex takes an important role in assimilation process.
INTRODUCTION
The perceived brightness of an object is not solely determined by the luminance of the object. The brightness depends on the surrounding context. For example, a gray patch appears darker when placed on a brighter background, and brighter when placed on a darker background. Models to explain these effects are usually based on simple low-level mechanisms such as retinal gain control mechanisms (Shapley, 1986) and interactions between neighboring neurons (e.g. Cornsweet, 1970; Land & McCann, 1971) . However, there have been a number of findings indicating that the perceived brightness is strongly influenced by such a display's higher-level perceptual properties as the perceived depth and form (e.g. Gilchrist, 1977; Sugita & Mimura, 1991; SheveU, Holliday & Wkittle, 1992; Adelson, 1993) . At least two properties of visual stimuli have been found to affect the apparent brightness. One is contrast (e.g. Heinemann, 1955 ) and the other is assimilation (e.g. Helson, 1963) . These properties are defined only in terms of the relationship between the stimuli and the surrounding context. The luminance being constant, these properties might be changed by the perceived depth so that the apparent brightness would be also changed.
We employed the visual stimuli developed by Shapley and Reid (1985) , that minimized contrast difference between test and comparison regions so as to quantify the strength of assimilation. The test and comparison regions had such binocular dispa~fity that these areas appeared in front of or behind their background. Figure 1 is a photograph of the stimul~ for demonstration. Two spots, that were used as a test (labeled T) and comparison spot (labeled C) respectively, were surrounded by two regions, ST and Sc. Although S T and Sc had same luminance, ST appeared brighter than Sc because of the difference between their background luminances. The luminance of spot T was set to a value 23% higher than those of Sr and Sc. When the luminance of spot C equals to that of T, C appeared much darker than T. In the case of Fig. 1 , the luminance of C was 13% higher than the luminance of T, but C still appeared darker. Therefore, Fig. 1 is a demonstration of assimilation in a sense that the perceived brightness of an object covaries with the apparent brightness of the surroundings. However, these differences in perceived brightness decreased when the left two or the right two visual patterns were fused. For uncrossed viewing, the two spots T and C in the left two patterns have such crossed disparity that T and C would appear in front of their surrounding regions whereas in the fight two patterns uncrossed disparity so that T and C appear behind their surrounding regions. T and C in the fused image would appear almost equal in brightness, or C might even appear brighter than T. Figure 1 is therefore demonstrating that the binocular depth cue affects the assimilation process. The main purpose of the present study was to clarify the relationship quantitatively between the depth cue and the assimilation process.
METHOD

Subjects
The author and three male students with normal vision participated in the experiments. The students acted as observers for course requirement.
Apparatus and stimuli
All visual stimuli were produced on a CRT color display (60 Hz refresh rate) that was mounted on a computer (Fujitsu, FMTW2UX20). The viewing distance was 60 cm. The stimuli were very similar to those illustrated in Fig. 1 The luminance of ST and Sc was 13.13 cd/m 2 whereas the luminance of T was 16.8 cd/m 2. The mean luminance of the bipartite background was approx. 13.13 cd/m 2. The luminances of the upper and lower half of the bipartite background were selected from the following three pairs so as to change the physical contrasts between the background and each of ST and Sc: 6.3, 19.6; 3.7, 22 .1 cd/m2; and 0.5, 27.0 cd/m 2 respectively.
Procedure
The apparent brightness difference between ST and Sc was first estimated. A third circular spot, equal in area to the inner backgrounds, was presented on another background, the luminance of which was same as those of ST and Sc. The third spot was presented approx. 2 deg above ST for measuring the apparent brightness of ST, and 2 deg below Sc for measuring the brightness of Sc. The physical contrast of the third spot was adjusted to ST and Sc. The observer adjusted the luminance of the third spot up or down with a keypad connected to the computer. The luminance of the third spot was changed in a step of approx. 0.25 cd/m 2. When a satisfactory match was achieved, the observer struck a terminator key. For each set of conditions, five matches were made. The absolute difference between the adjusted luminances for ST and Sc was regarded as the measure of the perceived brightness difference between Sr and Sc.
The same procedure was employed to estimate the strength of the assimilation process. The luminance profiles of ST, Sc, and T were kept fixed. The luminance of C was varied in a step of approx 0.25 cd/m 2 by the observer until a brightness match with the test spot was achieved. Ten matches were made from each set of conditions. The absolute difference between the luminance ofT and the adjusted luminances of C was regarded as the measure of the perceived brightness difference between T and C. Corresponding experiments were done with bipartite backgrounds, the luminance profiles of which were just opposite to those mentioned above. The absolute differences between the luminances of T and C were averaged for two background conditions.
RESULTS AND DISCUSSION
For measuring the perceived brightness difference between T and C, a brightness match was first obtained with a background of constant luminance equal to the mean so as to avoid a possible error due to an observer bias towards top or bottom. For each brightness match with different backgrounds and binocular disparities, the brightness difference due to assimilation was taken as the absolute difference between the adjusted luminance of C and baseline value mentioned above. The perceived brightness difference between T and C was plotted against the perceived brightness difference between their backgrounds (Fig. 2) . If the perceived brightness was determined only by the local contrast, the curves would be straight horizontal lines and go through the origin. However, the present results indicate tbat assimilation is also effective for the computation of brightness. Of special interest was that the perceived brightness difference between T and C decreased when T and C had such binocular disparity that T and C appeared in front of, or behind their backgrounds. All observers judged that the brightness difference between T and C was greatest when T and C had zero disparity, so that T and C appeared on the same front parallel plane as their backgrounds. If the depth cue had been ineffective, the probability, that the brightness difference between T and C of zero disparity was greatest for any of three conditions, was only 0.008.
The strength of assimilation was shown to be strongly dependent on spatial parameters in the visual scene (Reid & Shapley, 1988) . The present results might be simply due to the change of spatial parameters that were manipulated to create the binocular depth cue. To test this possibility, the centers of T and C were placed either 16 min arc left or 16 min arc right to those of their surroundings. T and C had zero disparity so that they appeared on the same depth plane as their surroundings. However, the results were very similar and comparable to those obtained when T and C were placed at the center of their surroundings.
It should be therefore concluded that the effect of assimilation decreased when the test spot had such binocular disparity that the test spot and the background appeared on different depth planes respectively. The responsible structure for this modulation of brightness assimilation should receive signals from both of two eyes, i.e. the cortex. Shapley and Reid (1985) already suggested that the cortical mechanisms would be responsible for brightness assimilation. Color assimilation have been already shown to take place in the cortex (Sugita, 1992) . The present study provides the evidence that the cortex takes an important role in brightness assimilation.
Finally, it was tested to see whether the depth cue affected the strength of contrast effect with using the similar procedure as that mentioned above. However, to reduce the strength of assimilation relative to that of contrast, the diameters of ST and Sc were enlarged to 1.86 deg. Because, the relative strength of assimilation was shown to decrease with the size of annular surrounds: it dropped by nearly 50% between annulus width of 11 and 43 min arc (Reid & Shapley, 1988) . Instead of the bipartite field, a uniform field was employed as the background whose luminance was 13.1 cd/m 2. The luminances of ST and Sc were selected from the following three pairs: 10.5, 14.7 cd/m2; 9.2, 16.8 cd/m2; and 6.3, 18.9 cd/m:. T and C had one of the following five steps of disparity: 16 min arc crossed, 4 min arc crossed; 0, 4 min arc uncrossed, and 16 min arc uncrossed. Five matches were made for each set of conditions.
When the physical brightness differences between ST and Sc were 4.2, 7.6, and 12.6cd/m 2, the perceived brightness differences between T and C were 1.2___0.2, 3.7 ___ 0.4 and 5.7 +__ 0.3 cd/m 2, respectively. These values did not change for each condition of binocular disparity.
The present study demonstrates that the process of assimilation was affected by the binocular depth cue, but contrast was not. These properties of brightness computation would take an important role in pattern recognition. In the visual world parts of an object are often occluded by nearer objects. To recognize the object, disconnected blobs behind nearer objects should be correctly grouped together. Assimilation and contrast might help the process of the correct grouping, since blobs that belongs to the same object tend to appear on a same depth plane.
